Fuel metabolism is highly regulated to ensure adequate energy for cellular function. T h e contribution of the major metabolic fuels -glucose, lactate and fatty acids (FAs) -often reflects their circulating levels. In addition, regulatory crosstalk and fuel-induced hormone secretion ensures appropriate and co-ordinate fuel utilization. Because its activity can either determine or reflect fuel preference (carbohydrate versus fat), the pyruvate dehydrogenase complex (PDC) occupies a pivotal position in fuel cross-talk. Active P D C permits glucose oxidation and allows the formation of mitochondrially derived intermediates (e.g. malonyl-CoA and citrate) that reflect fuel abundance. FA oxidation suppresses PDC activity. P D C inactivation by phosphorylation is catalysed by pyruvate dehydrogenase kinases (PDKs) 1 4 , which are regulated differentially by metabolite effectors. Most tissues contain at least two and often three of the P D K isoforms. We develop the hypothesis that PDK4 is a 'lipid status '-responsive P D K isoform facilitating FA oxidation and signalling through citrate formation. Substrate interactions at the level of gene transcription extend glucose-FA interactions to the longer term. We discuss potential targets for substrate-mediated transcriptional regulation in relation to selective P D K isoform expression and the influence of altered P D K isoform expression in fuel sensing, selection and utilization.
Introduction
Regulation of the activity of the pyruvate dehydrogenase complex (PDC) is an important component of the regulation of glucose homoeo-stasis (reviewed in [1, 2] ). Activation of P D C promotes glucose disposal, whereas the suppression of P D C activity is crucial to glucose conservation in prolonged starvation, when threecarbon compounds (including pyruvate) are required for gluconeogenesis to maintain glycaemia. P D C is rendered inactive by phosphorylation by pyruvate dehydrogenase kinases (PDKs). PDC is a target for substrate competition between glucose and fatty acids (FAs). This is achieved both via end-product inhibition by the common products of glucose and FA metabolism (acetyl-CoA and NADH) and by the opposing acute effects of intermediates of FA and glucose metabolism on the activity of the PDKs. T h e latter include acute suppression of P D K activity by pyruvate, generated via glycolysis or from circulating lactate, and acute activation by the high concentration ratios of acetyl-CoA to CoA and of NADH to NAD' in the mitochondria, generated by increased rates of FA /?-oxidation (reviewed in [1, 2] ).
Suppression of P D C activity is achieved by members of a family of structurally related P D K proteins, PDK1-4 [3, 4] . PDK2, a lowspecific-activity isoenzyme, and PDK4, a higher-specific-activity isoenzyme, are expressed relatively ubiquitously in the fed state [3, . P D K I has a more restricted distribution but is expressed at relatively high levels in the heart [3, 8, 9] . So far, PDK3 has been found only in testis, kidney and brain [3] . Early studies demonstrated that P D K activity can be enhanced after prolonged starvation by a longer-term mechanism that is independent of the acute effects of low-molecularmass effectors (reviewed in [lo] ). More recent work has shown that this is achieved, at least in part, by selective changes in the relative levels of expression of specific P D K isoforms [5] [6] [7] [8] [9] , which might also modify the regulatory characteristics of total P D K activity [6, 9, 13] . Changes in PDK isoform expression can be achieved not only in response to starvation [5, 7, 8, but also in response to a change in dietary composition [6, 9, 11] and/or hormonal status [5, 9, 14] . In this review we develop the hypothesis that PDK4 is a 'lipid status '-responsive P D K isoform facilitating FA oxidation by 'sparing' pyruvate for oxaloacetate formation. In heart and skeletal muscle, increased diversion of pyruvate to oxaloacetate formation facilitates the entry of acetyl-CoA derived from FA /?-oxidation into the tricarboxylic acid (TCA) cycle through citrate formation. In turn, citrate formation in heart and oxidative skeletal muscle acts as a signal of FA abundance to suppress glucose uptake and glycolysis. In the liver, which unlike muscle both synthesizes and oxidizes FA, PDK4 up-regulation during starvation might again participate in directing available pyruvate towards oxaloacetate formation, but in this case for entry into the gluconeogenic pathway and glucose synthesis. Here, the accumulation of acetyl-CoA derived from /?-oxidation is avoided by directing excess acetyl-CoA towards ketone body formation. We propose that in this gluconeogenic tissue the concomitant up-regulation of PDK2 couples suppression of pyruvate oxidation with stimulation of pyruvate carboxylation via the common effector, acetyl-CoA. Finally, we discuss potential targets for substrateand hormone-mediated transcriptional regulation in relation to selective PDK isoform protein expression, and the potential influence of altered PDK isoform expression in fuel sensing, selection and utilization.
Regulation of cardiac PDK4 expression by lipid supply
T h e heart, the paradigm for substrate competition, has been used extensively for studies of the mechanisms by which the oxidation of lipidderived fuels suppresses glucose utilization in starvation (glucose-FA cycle) (reviewed in [15] ).
T h e perinatal and neonatal periods are associated with a marked developmental switch in cardiac fuel selection: from glucose (in utero) to FAs (during early neonatal development) [16, 17] . Cardiac substrate selection during these periods is achieved by changes in the patterns of expression of isoforms of several regulatory enzymes controlling cardiac glucose and FA utilization. These include the facilitative glucose transporters [ 18, 191 and the outer-mitochondrial-membrane carnitine palmitoyltransferase, C P T I [20] . We have recently demonstrated that the ontogeny of protein expression of the PDK isoforms also changes during early development. All three PDK isoforms are up-regulated during early postnatal life [9] , as would be predicted to occur over a period during which the number of mitochondria and the expression of mitochondria1 proteins increase markedly [21, 22] . However, the protein expression of PDK4 exhibits a unique pattern of postnatal expression [9] . Thus the major increase in relative abundance of PDK4 in the heart over the first 3 weeks of postnatal life occurs over the first 7 days after birth, whereas the relative abundances of PDKl and PDK2 increase more markedly during the second and third postnatal weeks [9] . Furthermore, cardiac PDK4 protein expression is more markedly up-regulated than that of either PDKl or PDK2 over this period [9] .
What, therefore, might be the physiological signals for selective PDK4 up-regulation in the heart, and what might be the metabolic importance of such up-regulation ? T h e heart switches from carbohydrate to FAs (provided in maternal milk) as the main energy source at birth [16, 17] . T h u s the unique developmental profile of PDK4 protein expression is likely to reflect cardiac substrate preference and oxidation (lipid versus carbohydrate). In support of this suggestion, experimental diabetes and starvation, which are both states associated with decreased cardiac glucose utilization and increased rates of lipid oxidation, enhance PDK activity in the adult rat heart, again in association with specific up-regulation of the protein expression of only one PDK isoform, namely PDK4 [8] . Importantly, a switch to a diet high in saturated fat leads to a stable enhancement of PDK activity in the adult rat heart [9, 23, 24] in conjunction with specific up-regulation of PDK4 [9] , even in the absence of any decline in overall caloric intake [9] . Taken together, the results support the concept that up-regulation of cardiac PDK4 protein expression is linked to an increased FA supply and/or oxidation, either by virtue of mobilization of endogenous triacylglycerol (starvation, diabetes) or through an increased dietary lipid supply.
PDK4 up-regulation in oxidative muscle in starvation facilitates FA oxidation and glucose sparing
T h e adult heart relies on a variety of substrates to maintain its contractile performance : of these, the oxidation of FAs and glucose account for approx. 65% and 30% of cardiac energy demand respectively [25] . In addition, during high-intensity exercise, plasma lactate levels increase and the heart starts to oxidize lactate efficiently (reviewed in [26] ). However, the fate of pyruvate derived both from endogenous glycolysis and from exogenous lactate is not necessarily exclusively oxidation. In the heart, depletion of TCA cycle intermediates results in a decline in contractile function [27] . This can be reversed by the addition of substrates promoting flux through the carboxylating enzymes pyruvate carboxylase, malic enzyme and propionyl-CoA carboxylase [27] . Rapid up-regulation of cardiac PDK4 protein expression in response to an increased lipid supply would, via an increased total P D K activity (i.e. P D K l + PDK2 + PDK4) and the resultant increase in the activity ratio of P D K to pyruvate dehydrogenase phosphate phosphatase, be predicted to lead to PDC inactivation. This would ensure that a significant proportion of available pyruvate is ' spared ' from acetyl-CoA production via PDC for oxaloacetate formation. Increased generation of oxaloacetate from pyruvate would be predicted to support the entry of acetyl-CoA derived from FA P-oxidation into the T C A cycle. These concepts are presented schematically in Scheme 1. In addition, by maintaining acyl-CoA removal by P-oxidation, up-regulation of PDK4 will facilitate the continued uptake of long-chain fatty acyl-CoA into the mitochondria for oxidation, preventing long-chain fatty acyl-CoA accumulation in the cytoplasm, where it would be predicted to exert deleterious effects on cardiac function [28] .
In terms of whole-body glucose disposal, the skeletal muscle mass is quantitatively of greater importance than the heart [29] . In the fed (resting) state, oxidative slow-twitch (working) muscles display much higher rates of glucose utilization than muscles containing predominantly fasttwitch fibres [30] . Glucose utilization (uptake/ phosphorylation) by slow-twitch muscles declines markedly after prolonged starvation, and this decline makes a major contribution to whole-body glucose conservation [30] . Skeletal muscle contains two P D K isoforms, PDK2 and PDK4 [5, 6, 13, 14] . In slow-twitch muscle, as in the heart [8], prolonged starvation selectively up-regulates PDK4 protein expression in the absence of any change in protein expression of PDK2 [13] .
Studies with the recombinant (r)PDK proteins expressed in Escherichia coli have shown that rPDK4 is less sensitive than rPDK2 to inhibition by dichloroacetate (a non-metabolizable analogue of pyruvate) [3] . We demonstrated that prolonged starvation led to a rightward shift in the sensitivity curve for suppression of P D K activity by pyruvate, measured with isolated respiring mitochondria from slow-twitch skeletal muscle [13] . In addition, the maximal response of P D K to suppression by pyruvate was also greatly attenuated by prolonged starvation [13] . A similar shift in sensitivity of P D K activity to suppression by pyruvate is observed in response to prolonged starvation in the heart [31, 32] . Thus the relative insensitivity of P D K to suppression by pyruvate many of the effects of FA to increase the expression in heart and skeletal muscle evoked by prolonged of genes involved in FA metabolism in neonatal rat starvation is correlated with selective increases in ventricular myocytes [26] . P D K 4 protein expression, as would be predicted Administration of WY-14,643 over a 3-day from studies with the recombinant P D K 4 protein period as a dietary component mimics the effects [3] . As in the heart, carbohydrate depletion during of 48 h of starvation to increase P D K 4 expression prolonged exercise can impair aerobic energy in rat gastrocnemius muscle [S] . We therefore metabolism in skeletal muscle by decreasing the considered it important to examine whether level of T C A cycle intermediates [33] . Thus in PPARa activation could influence P D K 4 protein oxidative skeletal muscle, as in heart, the enhanced expression in muscle in vivo over a timescale expression of a relatively pyruvate-insensitive comparable with that of starvation (i.e. 24-48 h).
P D K isoenzyme would be predicted to ensure that available pyruvate is not oxidized, but 'spared' for anaplerotic entry into the T C A cycle (most probably through pyruvate carboxylation) to maintain T C A cycle intermediates. Increased oxaloacetate production would support the further oxidation (via the T C A cycle) of acetyl-CoA derived from FA oxidation or, if A T P requirements are fulfilled, permit the accumulation of citrate (see Scheme 1). An increase in citrate level is known to signal FA oxidation and to suppress glycolysis and glucose uptake (glucose-FA cycle; reviewed in [15] ). Thus the up-regulation of P D K 4 can be perceived as an
We also sought to determine whether the response of P D K protein expression to PPARa activation in fed rats differed between muscles of differing fibre compositions (and capacities for FA oxidation) or was specific for a particular muscle type. PPARa protein expression was detected in the heart and in both slow-twitch and fast-twitch muscles of the ad-libitum-fed rat (results not shown). Exposure to WY-14,643 over a 24 h period in vivo, during which time rats consumed the normal amount of standard diet, led to the selective up-regulation of P D K 4 protein expression in both slow-twitch and fast-twitch muscles of the adult ad-libitum-fed essential component of glucose sparing by oxirat ( Figure 1, upper Exposure to WY-14,643 for 24 h in vivo did not lead to any detectable alteration in PDK4 isoform protein expression in the adult rat heart, even when tissue was harvested from the same animals in which skeletal-muscle PDK4 protein expression was found to be selectively up-regulated (Figure 1 , upper panel) . Thus, although the adult rat heart expresses PPARa, PPARa activation over a longer timescale than 24 h might be required to contribute to the specific up-regulation of PDK4 protein expression observed in response to starvation. Alternatively, the response of PDK4 protein expression to PPARa activation in either skeletal muscle or heart might be modified by additional factors (e.g. hormonal status) and/or through other as yet unidentified mechanisms.
Modulation of PDK isoform expression in liver and kidney
PDC occupies a strategic role in hepatic intermediary metabolism, integrating glucose oxidation and FA synthesis with gluconeogenesis through the regulated disposal of pyruvate (reviewed in [l] ). Inactivation of P D C under conditions of glucose scarcity in liver and kidney is essential not only to limit glucose oxidation (as in other tissues), but also to direct available pyruvate (derived from circulating lactate and amino acids) towards gluconeogenesis to maintain an adequate glucose supply to essential organs. Conversely, the conversion of pyruvate into acetyl-CoA via P D C links glycolysis with the synthesis of malonylCoA, the first committed intermediate in FA synthesis. In the fed state, malonyl-CoA potently inhibits hepatic mitochondria1 long-chain FA uptake at the level of C P T I (reviewed in [36] ). Therefore factors modulating P D C activity also influence the precursor supply for malonyl-CoA formation and thereby influence acetyl-CoA production from long-chain FA. In particular, factors promoting P D C inactivation suppress malonylCoA formation. This favours acetyl-CoA production via the mitochondrial P-oxidation of longchain FA through the relief of inhibition of
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Post-translation modification of PPARa activity might represent either changes in its intracellular localization or covalent modification. Potential modulation of PDK4 activity (e.g. by covalent modification) has not been included in this scheme. Abbreviations: FAO, fatty acid oxidation :
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Fatty Acid Oxidation and Ketone Body Metabolism C P T I by malonyl-CoA. Both of these events facilitate increased hepatic gluconeogenesis : favourable under conditions of glucose scarcity, but deleterious when the glucose supply is abundant. In PPARa-null mice, pharmacological inhibition of C P T I leads to massive hepatic triacylglycerol accumulation [37] . This effect is more marked in males than in females, even though circulating FA levels are similar in males and females
In a recent comprehensive survey [7] , Harris and colleagues analysed the response of P D K mRNA and protein expression to starvation in a wide range of tissues, including the liver. It was observed that P D K 4 protein expression was upregulated in response to starvation in livers from adult male rats. We examined the response of hepatic P D K to prolonged starvation in adult female rats. Again, starvation for 48 h resulted in marked up-regulation of hepatic P D K 4 protein expression (Figure 1 , lower panel), associated with a concomitant albeit more modest rise in PDK2 protein expression (results not shown; see also [7, 11] ). Thus P D K 4 up-regulation in liver is not gender-specific, suggesting that it is of fundamental importance to glucose homoeostasis.
Studies with the recombinant P D K proteins have shown that rPDK4 is activated by an increased concentration ratio of N A D H to NAD+ but rPDK2 is not [3] . In contrast, the further addition of acetyl-CoA activates rPDK2 but not rPDK4 [3] . We suggest that in liver, as in heart and skeletal muscle, P D K 4 up-regulation during starvation might participate in directing available pyruvate towards oxaloacetate formation. However, in this case, available oxaloacetate is used to fuel glucose synthesis rather than to facilitate the entry of acetyl-CoA into the T C A cycle for oxidation [l] . In liver, unlike in muscle, the formation of the ketone bodies 3-hydroxybutyrate and acetoacetate acts as a sink for the disposal of excess acetyl-CoA derived from /%oxidation. Increased formation of acetyl-CoA via FA p-oxidation itself facilitates gluconeogenesis via the activation of pyruvate carboxylase. Because P D K 4 is relatively unresponsive to acetyl-CoA, we propose that concomitant up-regulation of P D K 2 with P D K 4 in the liver in starvation couples the suppression of pyruvate oxidation (via activation of PDK2) with stimulation of gluconeogenesis (through increased pyruvate carboxylation) via the common positive effector, acetyl-CoA.
Up-regulation of hepatic P D K 2 protein expression, in addition to that of PDK4, after [371.
prolonged starvation might serve a further function in that it could permit the activation of P D C if pyruvate were to accumulate. Such circumstances might include vigorous exercise (in which lactate efflux from fast-twitch muscle contributes to a greatly enhanced hepatic lactate supply) or suppression of FA oxidation. Conversely, impaired up-regulation of P D K 4 protein expression, resulting in an inappropriately high activity ratio of P D K 2 to PDK4, could result in increased flux via P D C at the expense of the entry of pyruvate into gluconeogenesis. Support for this possibility comes from studies of PPARa-null mice in which pharmacological inhibition of C P T I results in severe hypoglycaemia [37] .
Regulation of PDK protein expression: relationship to insulin deficiency or impaired insulin action
In Pima Indians, the expression of both PDK2 and P D K 4 mRNA in muscle biopsies is correlated positively with fasting plasma insulin and negatively with insulin-mediated glucose uptake [38] . Using the high-saturated fat-fed rat as a paradigm for skeletal-muscle insulin resistance associated with increased lipid availability, we evaluated whether changes in the expression of P D K isoforms were correlated negatively with changes in insulin sensitivity induced by high-fat feeding [6] . T h e protein expression not only of PDK4, but also of PDK2, was increased in fast-twitch skeletal muscle in response to high-fat feeding [6] . It therefore seems that PDK2 protein expression is normally down-regulated by insulin and that insufficient down-regulation of P D K 2 by insulin might be a cause of increased PDK2 expression in fast-twitch muscle after feeding with a high-fat diet. It is noteworthy that up-regulation of PDK2 in fast-twitch muscle in response to high-fat feeding is not attributable to PPARa activation, which is absolutely selective for P D K 4 in muscle: P D K 2 protein expression in fast-twitch and slowtwitch skeletal muscle is not increased by 24 h exposure to WY-14,643 in vivo (K. Bulmer and M. C. Sugden, unpublished work; see also [S] ).
A recent study [7] found that changes in hepatic PDK4 mRNA expression were greater than those in P D K 4 protein expression, suggesting post-transcriptional mechanisms for the regulation of P D K 4 protein expression that do not involve effects of PPARa at the gene level. In both liver [7, 11] and kidney [7, 12] , the effect of starvation to increase P D K 4 protein expression is accompanied by increased protein expression of PDK2. In these cases, severalfold changes in PDK2 protein expression are accompanied by increased mRNA expression of a similar magnitude [7] , suggesting an effect primarily at the level of gene transcription. Treatment of fed rats with the PPARa agonist WY-14,643 in vivo for 24 h results in specific up-regulation of hepatic PDK4 protein expression (Figure 1, upper 
